In this review, we briefly summarize more than a decade of experimental and theoretical investigations regarding the nonadiabatic electron response to intense femtosecond duration laser fields in a variety of molecular systems. Historically, experimental signatures of nonadiabaticity have emerged readily in large, conjugated, or multi-electron systems, disrupting fragmentation behavior and modulating observed rates of ionization. As model theoretical studies performed in H 2 and other diatomic species show, departure from traditional quasi-static or cycle-averaged descriptions of laser-induced ionization is often necessary to accommodate the rich and frequently counterintuitive electron dynamics that characterize the nonadiabatic response. Nonadiabatic effects such as transient electron localization or the observation of multiple ionization bursts per driving field cycle possess the capacity to modulate the signal of many strong-field physical effects, such as high-order harmonic generation, photoelectron momentum distributions, and molecular fragmentation products. As the advancement of experimental technologies expands the pursuit of laserdriven physics further into the mid-infrared wavelength regime, we suggest that these nonadiabatic effects will become increasingly pronounced and relevant to the imaging and control of a wide array of molecular species.
INTRODUCTION
Since the advent of the laser in the 1960s, basic research regarding the response of quantum systems such as atoms, molecules, and solids to intense laser fields has led to the discovery of many new aspects of light-matter interaction. At intensities of 10 12 W∕cm 2 , the strength of the interaction between electrons and the incident light field begins to rival that of the Coulomb interaction, so that it can no longer be adequately described as small perturbation to the physics of the quantum system [1] . Novel phenomena such as above-threshold ionization (ATI) [2] , high-order harmonic generation (HHG) [3, 4] , or laser-induced correlated electron emission [5, 6] have been predicted, observed, and interpreted as nonperturbative strong-field effects.
The interaction of laser light with atomic systems, and in particular with rare gas atoms, has been studied extensively and is considered to be well understood. Several ab initio theoretical techniques as well as systematic approximation methods have been developed and compare well with experimental observations. For example, strong-field ionization of rare gas atoms can be successfully modeled by using the strong-field approximation (SFA, or Keldysh-Faisal-Reiss theory [7] [8] [9] ) or by quasi-static tunneling models [7, 10, 11] . These models of atom-field interaction are based on two assumptions: (1) just one of the bound electrons in the atoms responds to the external field and becomes dynamically active and (2) this electron follows the oscillation of the electric field adiabatically. Consequently, much of strong-field atomic physics relies on a quasi-static interpretation of the interaction of the strong electric field with the atomic potential, assuming, for example, that ionization depends straightforwardly upon a potential barrier strength modulated by a well-characterized electric field.
The response of molecules to a strong electric field exhibits many phenomena that are not encountered in atomic systems due to extra degrees of freedom (rotation and vibration), the multi-center nuclear frame, and a more complicated electronic energy level structure. In particular, strong-field ionization and fragmentation from molecular targets can become significantly more complex than expectations informed by quasi-static or cycle-averaged formulations of electron dynamics would anticipate. For example, electron wavepackets emitted from the different centers in the molecule can interfere destructively leading to a suppression of molecular ionization [12, 13] . Besides such structural effects, the proximity of energetic states and the large dipole moments induced by the greater spatial extent of the system and, in some cases, abetted by delocalization of the electron density can result in an enhancement of multi-electron effects as well as induce nonadiabatic electron motion in response to the external field [14] [15] [16] .
In this brief review we shall focus on one of these new aspects in the interaction of molecules with an intense laser field, namely the transition from an adiabatic to a nonadiabatic response of the electrons to the external field. This nonadiabatic motion frequently either consists of electron flux in opposition of the induced gradient of the electric field accompanied by enhanced ionization, or represents induced localization of the electron density. Such laser-induced nonadiabatic dynamics is capable of modifying the excitation and ionization behavior of the molecular system. Consequently, nonadiabatic electronic effects must be taken into account when attempting to image or control molecular dynamics through ionization or fragmentation. At the same time, characterizing and understanding the nonadiabatic electronic response provides potential avenues to control electron motion or to exploit a subcycle response time to resolve dynamics on their natural attosecond time scale.
We will begin with an overview of observed signatures of nonadiabatic electron dynamics in the ionization and fragmentation patterns of large and highly conjugated molecules as well as related theoretical models. Next, we shall discuss recent theoretical results regarding the analysis of the mechanisms for nonadiabaticity in the simplest molecular system, the hydrogen molecular ion. Finally, we shall focus on the impact of the laser-induced nonadiabatic electron dynamics on a variety of observables. We will end with a brief summary and outlook.
INDUCING NONADIABATICITY IN ELECTRON RESPONSE TO STRONG LASER FIELDS
The assumption of an adiabatic electron response in atoms, and specifically in rare gas atoms, is justified in view of the large spacing between electronic energy levels. In contrast, the energy levels of molecules are, in general, energetically much closer. This results in slower electron dynamics than would be expected from atomic systems. Furthermore, it has been argued that as the molecular size increases, the time it takes for an electron to traverse the molecule rivals the period of the laser field, in favor of inducing a nonadiabatic response [16] [17] [18] .
A. Manifestation of Nonadiabaticity in Large and Highly Conjugated Molecules
The transition from adiabatic to nonadiabatic electron dynamics in large molecules is particularly evinced by highly conjugated systems, as examined by Lezius et al. [16, 17] for cases of linear conjugated systems, and Markevitch et al. [19, 20] for aromatic molecules. In Fig. 1 the mass spectra of three linearly, fully conjugated all trans hydrocarbons of increasing length following the interaction with laser pulses at different wavelengths are shown [16] .
Two peaks occur in the mass spectrum of the smallest molecule (hexatriene), indicating the stable production of the first two charge states of the parent ion accompanied with little fragmentation. These results are in agreement with the qualitative predictions of the quasi-static ionization picture and, hence, the assumption of an adiabatic electron response to the oscillating electric field of the laser, independent of its period. In contrast, the largest molecule (β-carotene) shows a mass spectrum indicative of persistent nonadiabatic electron dynamics through extensive fragmentation of the molecule at both wavelengths considered. Most interesting in the present context is the strong wavelength-dependent variation of the mass spectrum of decatetraene, which exhibits population of the singly, doubly, and triply charged parent ion at 1450 nm, but demonstrates strong fragmentation at the shorter wavelength of 800 nm. It was pointed out by Lezius et al. that this observation suggests a transition from the adiabatic single-active electron picture to a nonadiabatic multi-electron ionization dynamic. At 800 nm, the duration of the field oscillation was argued insufficient for the electron to traverse the large molecule adiabatically. In contrast, the longer field cycle of 1450 nm did afford the electron wavepacket sufficient response time, resulting in the stable production of a few charge states. Similar strong variations in the ionization and fragmentation patterns have been observed for aromatic molecules at a given wavelength for rather small variations of the laser intensity [19, 20] .
B. Intramolecular Nonadiabatic Behavior in Small Conjugated Molecules
Following qualitative considerations about the role of LandauZener-type transitions [16, 17] , a model was introduced to describe the onset of the transition from adiabatic single-active electron to nonadiabatic multi-electron dynamics through a coupling of the ground state and the low-lying excited states in molecules [19, 20] . According to this model, the strongest of these transitions involves a charge-transfer state as a doorway state. Further elements of the theory take into account the multielectron nature of the polyatomic molecules used in related experiments.
Advanced theoretical studies regarding the nonadiabaticity of the electronic response in polyatomic molecules to strong laser fields have been performed using methods of time-dependent configuration interaction with single excitations (TD-CIS) and time-dependent Hartree-Fock theory [21] [22] [23] [24] [25] [26] . In these studies, simulations are typically performed under so-called nonionizing conditions, in which the continuum is not taken into account. Signatures of adiabatic versus nonadiabatic dynamics can be observed via properties of the molecule, such as the instantaneous dipole, the charge distribution on each atom (using the Löwdin population analysis), and the orbital occupations. The responses of different groups of molecules have been studied, such as di-and triatomic [21, 25] , linear polyenes [22, 25] and their cations [23] , as well as polyacenes [24] .
In Fig. 2 an example of the results for the case of the anthracene 1 cation driven by laser fields of different intensities is presented. The nonadiabatic response to the electric field is apparent in the instantaneous dipole response via the subcycle oscillatory dynamics. Moreover, dipole response oscillations continue after the end of the pulse and are reminiscent of the (nonadiabatic) excitation in the linear polyene. In qualitative agreement with previous experimental results [16, 17, 19, 20] , it is found that the nonadiabatic effects increase with the length (size) of the molecule, they are stronger in the cation than in the neutral molecules, and they get stronger with the increase of the laser intensity.
C. Double Series in ATI Spectra and Fractional Harmonics
Nonadiabatic electron dynamics in molecules can be related to a strong coupling between two states in the molecule. In the case of multi-electron atoms, nonadiabatic laser-driven coupling has been studied in a two-electron two-center reduced dimensionality model [27] and by employing time-dependent density functional theory [28] . Novel features in photoelectron emission spectra (ATI spectra) and HHG spectra in the presence of strong coupling have been reported recently.
In [27] two combs of peaks are observed for the ATI spectra, resulting from calculations using a two-electron two-center model in reduced dimensions. The two series are explained by the coupled population of the two lowest ionic states in the model. As the dynamics change from adiabatic to nonadiabatic behavior the two combs get mixed and can no longer be separated, since the nonadiabaticity introduces a subcycle time scale. Thus, the ATI electrons carry signatures of the ionization of both states leading to the mixing of the peaks in the two series.
Furthermore, when the driving laser wavelength is tuned to the transition between an inner valence orbital and a hole in the highest occupied molecular orbital, fractional harmonics are found. These harmonics show up as sidebands to the usual integer harmonics and are indicative of the presence of strong coupling and related nonadiabatic dynamics [28] . The underlying mechanism is analogous to that responsible for Mollow sidebands in quantum optics [29] . While first predicted to occur in H 2 at extended internuclear distances [30, 31] , it is now found that this phenomenon is a much more general feature present for other open shell molecules even at equilibrium geometry. Figure 3 shows examples of the fractional harmonics for three open shell molecule and molecular ions [28] . Depending on the coupling strength, the sidebands are predicted to occur as separate fractional harmonics (as seen for CO 2 ) or merely via a broadening of the odd harmonics (as shown for NO 2 ).
MECHANISMS FOR NONADIABATICITY IN THE HYDROGEN MOLECULAR ION
Remarkably, signatures of nonadiabatic dynamics similar to those seen in multi-electron systems arise in single-electron molecules as well. In this section, we explore nonadiabatic enhanced ionization and transient electron localization behaviors in the hydrogen molecular ion (H 2 ) as a simple and representative model. The reduced number of spatial dimensions needed to represent this system makes it highly amenable to theoretical treatment in contrast to larger molecular targets. Numerically, H 2 is fully treatable from ab initio principles; in addition, the predominant participation of the ground (jgi) and first excited state (jui) when driven by strong near-and mid-infrared (IR) laser pulses permits rigorous theoretical treatment. In the following, we examine theoretical developments regarding the rich and frequently counterintuitive behavior of an electron driven by a strong laser field in H 2 , revealing fundamental physical mechanisms behind these behaviors and remarking upon theoretical explorations of how these behaviors can be controlled and imaged. As first identified by Mulliken [32] , symmetric molecular ions such as H 2 possess pairs of charge-resonant states that, at large internuclear distance (R 0 ), become nearly degenerate and couple strongly to electromagnetic fields. Further investigations using H 2 as a model system have elucidated the important role these states play in the process of laser-induced ionization [14, 15] , with similar effects observed in experiments involving the higher charge states of CO 2 [33] . In particular, theoretical predictions show that the charge-resonant states can amplify the rate of ionization of H 2 by one to three orders of magnitude in models including both electronic and nuclear motion [34] . Throughout an interval of internuclear distances preceding dissociation, the jgi and jui states of H 2 , which possess opposite parity, act as a charge-resonant pair.
The relevancy of this coupling is obvious in the quasi-static picture of ionization at the peak of the electric field. Near its equilibrium internuclear distance, H 2 ionizes predominantly from the downhill well through a mechanism analogous to adiabatic single-active electron atomic ionization. However, as the internuclear distance increases, the electric field alters the shape of the barrier between nuclear wells. The shifted energy level of the uphill state enables shorter tunneling times or promotes population immediately into the continuum. This scenario is portrayed in Fig. 4 in the case of a static electric field. When R 0 6.0 in panel (a), the intramolecular potential barrier is suppressed beneath the energy of the uphill state, resulting in the dramatically increased ionization rate shown in Fig. 4 (d) [14] . As R 0 continues to increase, the barrier reasserts itself [ Fig. 4(b) ] until ionization from the uphill well is ultimately again suppressed [ Fig. 4(c) ]. This situation results in the charge-resonance-enhanced ionization (CREI) effect [14, 15] throughout a critical region of internuclear distances shown in Fig. 4(d) . The prominent double-peak structure in the ionization rate as a function of internuclear distance has recently been observed experimentally [35] . This field-induced electron nonadiabaticity also imprints signatures upon the HHG spectra of dissociating H 2 , where the amplified ionization along the falling part of the driving field results in an overall redshift of harmonic peak locations [36] .
The strong enhancement of the ionization signal due to CREI suggests that most strong-field-induced signals will be dominated by dynamics occurring throughout the CREI regime. This is particularly important in the context of resolving nonadiabatic behavior, as in addition to an obvious enhancement of ionization, CREI coincides with a modification of the localization behavior of the electron between the two nuclei. Early predictions of this effect suggested that the near degeneracy of the relevant energy levels enabled population to be preferentially trapped in the uphill well [15] . More recently, it has been proposed that additional ionization channels involving excitation followed by ionization from either site of the molecule may contribute to this quasi-static picture [37] . In addition, numerical results showed evidence that the inversion symmetry of the electron density was broken during laser propagation, potentially enabling the production of even harmonics in HHG spectra [14] .
B. Transient Electron Localization
The importance of nonadiabatic electron behavior has become increasingly obvious with time-resolved examination of electron dynamics occurring in the CREI regime, where the quasi-static description of electron behavior has proven incomplete [38] . In fact, time-resolved studies of ionization in H 2 and electron behavior therein demonstrated not only that ionization was enhanced but also that the timing of peak ionization could be changed: at laser parameters supporting nonadiabatic behavior, ionization no longer occurred with maximum amplitude near the electric field peak. Instead, several discrete bursts of ionization occurred throughout each half-cycle of the driving laser field (see Fig. 5 , [39] ).
Analysis of the time-dependent electron density distribution in H 2 illustrates that bursts of ionization are accompanied by a transient electron localization upon alternating nuclear centers several times per half-field cycle of the driving laser field [38] [39] [40] [41] . 
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This dynamic drives population toward the uphill potential well, from which it can be efficiently and rapidly ionized. This dynamic is highly sensitive to the strength and frequency of the electric field used. Different wavelengths or field strengths result in different numbers of localizations during each half-laser cycle, so that selection of the appropriate wavelength enables the localization of the wavefunction counterintuitively and predominantly on the uphill well, reminiscent of the modulated charge distribution described in [22] .
Several theoretical justifications for this counterintuitive behavior exist. The likelihood of encountering the electron in the laser polarization direction (z) with a particular momentum (p z ) can be captured through use of the Wigner quasi-probability distribution, which can be calculated as [42] W z; p z ; t 1 π
The results of this analysis for a model 1D H 2 system are reproduced in Fig. 6 [40] . The sequence of subpanels shows snapshots of the time evolution of the quasi-probability density, with positive quasi-probabilities encoded in red and negative in blue. In Fig. 6(a) , the distribution is plotted at an instant when the electric field crosses zero. The structure of the electron density shows an inherent interference structure due to participating molecular orbitals. This interference pattern is seen to favor transfer of electron density from one side of the molecule (at z −3.5 a:u:) to the other (at z 3.5 a:u:) with p z ≈ 0.2 a:u. As transfer at other momenta values is otherwise suppressed, this region of positive electron density is termed a momentum gate (MG) [42] , which in subsequent subpanels is shifted by the action of the field vector potential At to values p MG → p MG − At∕c. In the example shown, the driving field is the same as in Fig. 5 , and the MG cycles though momentum space in a quarter of the driving field. Consequently, population is driven to the uphill well more rapidly, leading to the quarter-cycle bursts of ionization seen in Fig. 5(b) . Additionally, by increasing the wavelength or intensity, the number of localizations would be expected to increase due to the heightened modulation of the position of the MG.
The spatial behavior of the wavefunction can be alternatively understood through the use of Bohmian trajectories. In this representation [41] , the behavior of the electron is described by an ensemble of semi-classical trajectories fz j tjj 1; …; N traj g that solve the equations of motion
It relates the velocity field vzt; t of each trajectory to the complex phase of the electron wavefunction expressed as Ψz; t Cz; t expiSz; t;
where C ≥ 0 and S ∈ R.
A demonstration of the Bohmian trajectory analysis for H 2 is shown in Fig. 7 throughout the central cycle of a 10-cycle laser field with peak intensity 4 × 10 13 W cm −2 and wavelength 1064 nm. The plotted trajectories represent the motion of the electron wavepacket within the molecule. In Fig. 7(a) , both rescattering events and laser-induced intramolecular dynamics are Review Article implicated in the transport of electron density away from the nuclei of the molecule at time points A-D. Applying an absorbing boundary to the calculation isolates trajectories involved with transient localization and reconstructs laser-driven subcycle localization at time points B and C. Departing wavefunction population at these time points leads to the bursts of ionization exhibited in Fig. 5 .
Additionally, in the Bohmian trajectory framework, moments of localization occur when the velocity field across the molecule crosses zero. Similarly, efficient transport of electron density will occur when this velocity field is large. The connection between the phase of the wavefunction and the velocity field provides a means of analyzing the localization behavior further in numerical calculations, where the phase of the wavefunction can be easily obtained. Examining the phase gradient across H 2 corresponds well with the behavior of the electron as it traverses the molecule: moments of localization are observed when this gradient is zero. As demonstrated in [41] , transient electron localization can be understood as a consequence of the phase of the wavefunction at either nuclear center becoming advanced or retarded in comparison with that of the other center.
The timings of transient electron localization in H 2 can be more rigorously developed by modeling the electron response as a nonresonantly driven two-level system. At extended internuclear distances, the jgi and jui states are energetically well-separated from higher lying excited states; additionally, as the molecule dissociates and passes through the CREI regime, these states become nearly degenerate with energy spacing less than the photon energy of a driving IR source. Under these conditions, as shown in [43] , the time evolution of the electron wavefunction can be expanded in a basis of Floquet states to identify moments in time at which the electron maximally occupies the nucleus on the positive or negative side of the grid. These events are seen to occur when the vector potential At A 0 sin ωt ϕ satisfies [39] At loc mπ ξ 2d gu ; with m 0; 1; 2; ….
The time instants depend on the mixing angle ξ of the two Floquet states as well as the dipole transition matrix element d gu between the two states. We also remark that in the Floquet treatment the static localization of the electron, as discussed in the original CREI picture [14] , occurs in the zerothorder term of the expansion, while the subcycle transient localization is represented by the next-order term. Here, we again note the strong dependence of the localization events upon the selection of laser field parameters. Increasing the intensity or the wavelength of the laser used also increases the nonadiabaticity of the resultant behavior, characterized by an increasing number of localizations per half-field cycle. We thus expected that nonadiabatic electron behaviors such as transient localization will be increasingly experimentally relevant as femtosecond laser technology extends more deeply into the mid-infrared regime.
DETECTION OF NONADIABATIC INTRAMOLECULAR DYNAMICS
Having established and characterized nonadiabatic electron behavior in H 2 , we now focus upon recent theoretical and experimental studies that explore the detection of transient electron localization in H 2 . As we have noted, ionization is the initiator of many strong-field physical effects. We discuss how the strong modulation of ionization exhibited by systems undergoing transient localization renders this signal readily detectable in a variety of strong-field-induced phenomena such as photoionization, molecular dissociation, and HHG. To this end, we review a variety of studies that have focused upon these effects to identify and quantify signatures of transient electron localization in experimental observables. In addition to characterizing the nonadiabatic behavior of the electron, we note that studies performed regarding the physically simple system of H 2 are a useful method to distinguish signatures of electron localization from different forms of nonadiabaticity arising from many-body mechanisms. In addition, these studies provide a foundation to observe dynamics occurring on the attosecond scale, positioning such methods at the forefront of attosecond science.
A. Time-Evolving Double-Slit Interference
The laser-driven transient localization of the electron in H 2 results in a quickly varying asymmetry of the electron density. Probing of such an asymmetry has been first proposed via the application of a second attosecond pulse with polarization direction along the molecular axis [44, 45] . Following adiabatic quasistatic considerations, the generated photoelectron yield along the polarization direction reflects the asymmetry of the electron density, which has been confirmed in theoretical calculations.
This theoretical concept has been later extended by setting the polarization axis at an angle, best perpendicular, to the molecular axis. As first pointed out by Cohen and Fano [46] the resulting emission of partial electron waves from the two atomic centers is conceptually equivalent to the emerging coherent light waves from a double slit in Young's experiment [47] . The asymmetry resulting from the transient localization of the electron density inside H 2 can be viewed in analogy to a modulation of the light intensity at the two holes. Consequently, the interference pattern in the photoelectron momentum distribution (PMD) changes with the motion of the electron in the molecule. Numerical calculations [39] have revealed the potential to reconstruct the timedependent population in the charge-resonance states and, hence, the electron density from the time-evolving momentum distributions.
B. Photoelectron Distribution Following Ionization with Circularly Polarized Light
Ionization of atomic and molecular systems using circularly or elliptically polarized light can be used to extract timing information regarding the ionization event [48] . According to a quasistatic picture of ionization, ionization is expected to peak when the electric field is strongest. When using elliptically polarized light to investigate atomic targets, this affords maximal ionization along the major polarization axis. For diatomic molecular systems, circularly polarized light similarly ionizes most efficiently along the molecular symmetry axis. In each case, the PMD can be collected and analyzed to reconstruct the momentum with which photoelectrons were released, indicative of the electric field present during ionization. Coincidence measurements of the times of flight and positions of both the electron and protons enable the reconstruction of the internuclear distance at the time of ionization as well. In the particular case of H nuclear distance of the molecule, this enables an analysis that connects the transient electron localization to modifications of the ionization signal.
This procedure has been theoretically and experimentally studied as a means to image the bursts of ionization that emerge during transient electron localization. As these ionization events no longer coincide directly with the peak of the interacting electric field, the PMD is expected to rotate in momentum space, corresponding to a delay in the timing of peak ionization. This effect was measured in [49] , and is shown in Fig. 8 . Additional comparisons to simulations using the 2D time-dependent Schrödinger equation (TDSE) and predictions from quasi-static ionization were performed in this study. The dependence of the experimental results and respective theoretical predictions upon internuclear distance is compared in Fig. 8(b) . The simple formulation of quasi-static ionization of a molecular target by a circularly polarized field yields a constant angular distribution, in contrast to the internuclear distance-dependent experimental results and numerical calculations. The numerical prediction approximates the response of H 2 in the experimental system, suggesting that the inclusion of nonadiabatic electron behavior is critical to accurately reproduce photoionization behavior in H 2 . Further theoretical studies investigated the departure of PMDs from the quasi-static tunnel ionization model and found that the long-range Coulomb interaction plays an essential role in determining the angular distribution of both atomic and molecular PMDs. In [50] , numerical calculations were completed using a screened Coulomb potential, with a cut-off implemented at different radial distances. Extending the interaction range of the Coulomb potential introduced a drift angle θ into the final distribution of H 2 ionized by circularly polarized light and atomic hydrogen ionized by elliptically polarized light. The behavior of this feature when the wavelength of the ionizing field varied was also investigated for a laser with intensity 6 × 10 13 W cm −2
, the results for which are reproduced in Fig. 8(c) . In these results, hydrogen (red dashed line) serves as a reference of adiabatic behavior: as wavelength is increased, the drift angle monotonically decreases due to an increasing excursion distance from the parent ion. In contrast, the drift angle accumulated in the PMD of H 2 is nonmonotonic, which is connected to fluctuations in the timing of peak ionization depending on the wavelength of the laser source used. Transient electron localization determines the moment at which the electron is most localized upon the uphill well of the H 2 , from which ionization occurs, influencing the appearance of the resultant PMD.
C. Control Over Fragmentation
The formation and breakage of chemical bonds during chemical reactions is mediated by the correlated motion of electrons and nuclei: controlling electron motion can thus be seen as a means to control chemical reactions. The development of strong-field lasers with subfemtosecond duration made it feasible to image a variety of fundamental processes relevant to the electronic dynamics exhibited by a system undergoing a chemical reaction, such as dissociation. Dissociating molecules undergo complex electronic behavior rendering a full understanding of the process difficult to obtain. Consequently, theoretical studies regarding H 2 serve as an important prototype for the complex dynamics expected by incorporating additional bodies or degrees of freedom into the system. Even in the relatively simple case of H 2 , however, the final dissociation probability is complicated considerably by ongoing transient localization of the electron wavefunction in response to driving the dissociation by a strong laser field. In Fig. 9 , the modification of the final electron distribution can be seen to be influenced strongly by laser intensity, and correspondingly by the induced nonadiabatic electron dynamics. Based on numerical calculations involving 2D electron motion and an additional nuclear degree of freedom [42] , driving H 2 with the same laser profile (wavelength, envelope, and number of cycles) while changing the intensity of the field afforded control over the relative population of the two dissociated nuclei. In this study, an initial UV field was introduced to populate the dissociating 2pσ u state from the molecular ion prepared in the nondissociating 1sσ g state; the total dissociating wavepacket was extracted through projection onto 2pσ u , and subsequently integrated over positive and negative space in the laser polarization direction to evaluate the relative probabilities of occupying either nucleus during and following interaction with an 800 nm laser field.
For the pulse profile depicted in Fig. 9(a) , the results of driving with three different intensities are shown in Figs. 9(b)-9(d) .
Transitioning from a field intensity of 3 × 10 12 W cm −2 [ Fig. 9(b) ] to the moderately more intense case of 2 × 10 13 W cm −2 [ Fig. 9(c) ] reverses the ultimate direction favored by the electron, while a Review Article further increase to 10 14 W cm −2 favors each nucleus evenly. This surprising dynamics is a direct result of the nonadiabatic intramolecular electronic response induced by the electric field. As H 2 fragments, the electron is initially free to traverse between nuclei. However, the potential barrier between the centers increases with nuclear separation, ultimately confining the electron to occupy one of the two centers. In a system for which the electron followed the laser field adiabatically, the final distribution of the electron would be expected to consistently reflect the laser profile selected; in the present case, within which transient localization plays an important role, the electron may be driven to favorably occupy one side of the molecule. As this particular case shows, inducing nonadiabatic transient localization thus allows laser intensity to be potentially used as a tunable means for producing a desired dissociation product.
D. Spectral Minima in High-Order Harmonic Generation
The capacity of laser-driven electron localization to modify the timing of ionization also has profound implications for experimentally observable signals that rely upon strong-field ionization. HHG is an excellent example of such a process. Conventionally, HHG is described through a three-step mechanism [51, 52] , through which an electron is first tunnel-ionized, is next accelerated from the parent ion, and then finally returns, recombining with the parent ion and releasing energy gained during acceleration through a high-energy photon. In total, this process typically yields an energy spectrum extending through odd harmonics of the driving field with constant efficiency up to a well-defined cut-off frequency.
The amplitude of yield into each harmonic may also be considered representative of electron dynamics during each step of the process. Consequently, HHG is commonly used to image molecular systems by identifying energetic regions of suppressed harmonic emission and connecting these minima to features of the molecular target. Nuclear dynamics and the structure of diatomic targets, for example, have been theoretically [53] [54] [55] and experimentally [56] [57] [58] [59] [60] [61] [62] [63] [64] [65] measured by observing a two-center interference mechanism occurring at the time of recombination, relating the deBroglie wavelength of the returning electron to the distance separating the nuclear centers at the time of ionization. Minima have also been identified due to an accumulated phase difference in the propagated and residual electron wavepackets, constituting a form of imaging changes in the molecular excited state orbitals during the electron's excursion from the parent ion [66] [67] [68] [69] [70] .
Each of these mechanisms depends, entirely or in part, upon the electron's recombination with the parent ion. In contrast, the laser-driven transient localization of the electron in H 2 highly influences the ionization behavior of the electron, and is correspondingly fundamentally interesting in the context of HHG as a test of the role that ionization plays on the structure of the total HHG signal. Additionally, the temporal resolution afforded by the HHG signal-different moments of ionization contributed to the amplitude of different harmonics-constitutes a means of directly imaging the ionization, and hence intramolecular dynamics, of the electron within H 2 at extended internuclear distances, as recently proposed [71] .
An example of the total HHG signal generated by simulating H 2 in 3D with fixed nuclei arranged at R 0 7 is shown in Fig. 10(a) [71] . The molecular ion is driven by a laser with intensity 6 × 10 13 W cm −2 , and with wavelength λ 1400 nm. 
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The lineshape of the strongly modulated structure of the highenergy plateau is indicated by the black lines superposed above the spectrum. In contrast to the flat plateau resulting from a prototypical atomic subject, this spectrum features a pronounced minimum. The energetic position of the minimum does not agree with predictions corresponding to known structural or dynamical features, suggesting an alternative mechanism.
The temporal source of the minimum in the HHG spectrum can be identified through the use of a time-frequency analysis (TFA). Through this analysis, windowed regions of the temporal domain of a signal are independently transformed to resolve the emergence of different frequencies in the signal. In the case shown in Fig. 10 , a continuous wavelet analysis is used to transform a single recombination event occurring at the peak of the electric field, taking the form
where W x 1 ffiffi π p exp2πix exp−x 2 is the complex Morlet wavelet and d a z t is the time-dependent dipole acceleration of the electron. The energy of the HHG minimum is noted by a horizontal black dashed line, and coincides with a time interval of suppressed emission in the TFA. Comparison of this emission feature with electron dynamics at the time of recombination is a straightforward procedure of analyzing computed observables on the same time interval as the TFA; however, a causative effect is not found. Instead, it is productive to consider electron behavior throughout ionization. This behavior can be constructed by conducting the classical association depicted in Fig. 10(c) , assuming that the electron propagates as a point charge in the presence of an oscillatory electric field. In Fig. 10(d) , the electron density at the time of ionization is reconstructed, and we observe that the electron is localized in the downhill (nonionizing) well at times corresponding to a reduction in the HHG signal. This interval of decreased ionization suppresses certain classical trajectories, which are then absent during recombination; the total HHG signal reflects this suppression through a modulation of the high-energy plateau. The fingerprint of transiently suppressed ionization in the HHG spectrum additionally represents a direct measurement of electron dynamics on an attosecond time scale.
It has been further shown [71] that changes in the nonadiabatic electron dynamics from cycle to cycle during the laser pulse may be traced using the emitted high harmonic signal by mimicking the experimental application of the attosecond light house technique [72, 73] via the performance of windowed Fourier transforms. The spectral signals of individual recombination events show an increasing number of minima at different spectral locations, indicating a transition from adiabatic to nonadiabatic electron dynamics.
SUMMARY
In this review, we have presented a history of observations of nonadiabatic electron dynamics emerging from molecular systems driven by intense femtosecond laser fields. These nonadiabatic physics have been seen to modify ionization and fragmentation behavior in large molecular systems driven by mid-IR laser fields. Theoretical descriptions of multi-electron nonadiabatic effects have focused upon orbital coupling and modifications of the charge distribution as a primary characteristic of the response, and have predicted the emergence of novel spectral features in ATI and HHG spectra.
In addition to these multi-electron studies, H 2 has proven an exceptional model system for simulating the nonadiabatic features found in larger molecules. When dissociating, H 2 passes through a regime of internuclear distances that are accompanied by near degeneracy of the ground and first excited state. The strong coupling of these states to the driving laser field enhances ionization rates and induces transient localization of the electron wavepacket, mimicking the charge density modulation theoretically observed in larger molecules and the increased ionization experimentally reported.
The capacity for H 2 to reproduce nonadiabatic dynamics was further explored as a means of testing the influence of nonadiabatic electron dynamics upon common signatures of strong-field physics. In particular, transient electron localization was shown to strongly alter fragmentation behavior upon molecular dissociation, to modify photoelectron distributions after laser-induced ionization, and to modulate the high-energy plateau of HHG, introducing spectral minima reflective of transiently suppressed ionization.
The findings reported throughout this review illustrate the importance of characterizing nonadiabatic electron behavior toward future efforts to control and image electrons in molecular systems. On the other hand, they also suggest an opportunity to more easily resolve dynamics on an attosecond time scale and manipulate electron distributions in situ. As advances in laser technologies introduce the capacity to promote nonadiabatic behaviors by driving systems with mid-IR wavelengths, these features offer an avenue to investigate and explore a rich array of physical effects. 
